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ABSTRACT 
 
Polyaniline-Based Nanocomposite Strain Sensors. 
 (December 2011) 
Zachary Solomon Levin, B.S., New Mexico State University 
Chair of Committee: Dr. Jaime Grunlan 
 
Health monitoring is an important field as small failures can build up and cause a 
catastrophic failure. Monitoring the health of a structure can be done by measuring the 
motion of the structure through the use of strain sensors. The limitations of current strain 
sensing technology; cost, size, form could be improved. This research intends to improve 
current strain sensing technology by creating a conductive polymer composite that can 
be used monitor health in structures. Conductive polymer composites are a viable 
candidate due to the low costs of manufacturing, tailorable mechanical and electrical 
properties, and uniform microstructure. This work will focus on determining if a all-
polymer composite can be used as a strain sensor, and investigating the effects of filler, 
doping and latex effect the electrical and strain sensing properties. 
 Strain sensors were prepared from polyaniline (PANI)-latex composites, the 
morphology, mechanical, electrical and strain sensing properties were evaluated. These 
strain sensors were capable of repeatable measuring strain to 1% and able to measure 
strain until the substrates failure at 5% strain, with a sensitivity (measured by gauge 
factor) of between 6-8 (metal foil strain sensors have a gauge factor of 2). The best 
 iv 
performing strain sensor consisted of 4 wt.% polyaniline. This composition had the best 
combination of gauge factor, linearity, and signal stability.    
Further experiments were conducting to see if improvements could be made by 
changing the polymer used for the matrix material, the molecular weight and the level of 
doping of the polyaniline. Results indicate through differences in strain sensing 
response; lower hysteresis and unrecoverable conductivity, that polyaniline latex 
composites can be adjusted to further improve their performance. 
The polyaniline-latex composites were able to repeatable measure strain to 1%, 
as well as strain until failure and with gauge factor between 6-8, and a 70% increase in 
signal at failure. These properties make these composites viable candidates to monitor 
health in structures, buildings, bridges, and damns.  
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This thesis is in the style of Carbon. 
CHAPTER I 
INTRODUCTION AND LITERATURE REVIEW 
 
 
Introduction 
 
The monitoring of strain can provide considerable information about not only the 
physical properties of materials, but also the status or integrity of complex structures like 
bridges, buildings, cars, and airplanes. The ability to determine strain is an important 
factor in verifying the operational limits of a material, which will lead to improvements 
in safety, efficiency, and performance. The most common strain sensor is a metal foil 
strain gauge, yet their use is limited to measuring strain in a single direction on rigid 
materials because of the load shielding caused when a more rigid strain sensor is used on 
a flexible material.  Therefore there is a need to create a strain sensor that can be made 
inexpensively, measure strain in multiple directions, and be used on flexible materials 
such as textiles. The focus of this work is to determine if an all-polymer composite using 
polyaniline and latex can produce a strain sensing material.  
 
 
 
 2 
Thesis overview 
 
Chapter I contains some background information on the three primary topics 
pertaining to this research: polymer composites, polyaniline (PANI), and strain sensors. 
Chapter II describes the research objectives. Chapter III presents the strain-sensing 
properties of PANI filled latex composites evaluating the effectiveness of the strain 
sensing concerning the hysteresis, noise, cyclic stability, and gauge factor. Chapter IV 
focuses on the influence of latex type, molecular weight of PANI, and doping level of 
PANI, on the strain sensing, glass-transition temperature, storage modulus, and electrical 
conductivity of the composites. Chapter V summarizes this flexible nanocomposite 
sensor work and presents some options for future research.  
 
Literature review 
 
 To give the reader a adequate background on these research background covering 
several areas as interest are presented below. The areas are strain sensing, electrical 
conductive polymer composites, and polyaniline. The strain sensing section should 
provide the reader with basic concepts of strain sensing, terminology, methods and some 
information on other leading research. In the electrically conductive polymer composite 
section information on the formation of a segregated network, percolation and 
piezoresistance are covered. The section on polyaniline includes brief history, structure, 
synthesis methods, doping, and electron transport in polyaniline. 
 3 
Strain sensing 
 
Strain is the fractional change in length, area, or volume of a material [1-2]. 
Symbolically it is represented by ε, and commonly referred to as the change in length 
divided by the original length 
  
 
 . The measurement of strain can indicate the stresses 
acting on an object. Other common physical properties that are related to the 
measurement of strain are pressure, torque, force, or load applied to an object. One 
practical way to determine strain is using materials whose electrical properties 
predictably changed when strained. Conductivity is commonly used as it can be affected 
by change in dimensions, resistance or both.  Typically a potential is applied across the 
sensor and the change in current is measured, this method can be used for both 
piezoelectric and piezoresistive materials. [2-3]. Other non electrical methods exist, for 
example, the differences in phase of polarized light caused by a strain, can be measured 
though the use of computers and the strain can be determined [4-5].  
A sensor’s ability to measure is determined by the resolution, noise, sensitivity, 
hysteresis, range, linearity, and accuracy of the signal [3, 6]. All of these factors are 
important a wide variety of measurements for example; intensity, pressure, and 
temperature. For this document I will define how they relate to strain sensing.  
The resolution of a sensor is the smallest change displacement that can reliably 
produce a consistent response. The common metal foil strain gauges have a resolution as 
low as 6x10
-6
 ε. Noise is the random fluctuation in signal that can result from a number 
of sources depending on the sensor and application. The sensitivity referred to as the 
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gauge factor is a dimensionless quantity, being the change in the relative amplitude 
   
 
  
 (the resistance R normalized by the initial resistance Ro) with strain ϵ,    
  
 
,. Hysteresis refers to the path dependence of the signal, a signal with low hysteresis 
will produce the same signal at ever given state, and large hysteresis will produce a 
different value depending on the direction of loading. The range of sensor can vary 
depending of several factors like temperature and time, as well as material properties 
like thermal expansion, response time, and loss modulus. All these factors affect the 
accuracy of a strain sensor and should be optimized for the best results. 
Strain sensors can be contact or non-contact, active or passive, and dynamic or 
static. Contact sensors are those that are in direct contact with the object of interest, 
whereas non-contact sensors are not. Neither approach can be used for all applications. 
A non-contact sensor includes those sensors that are used to measure capacitance, 
inductance, and magnetic field [7-9]. Non-contact sensors have the advantage of being 
free of hysteresis and able to quickly measure changing conditions such as high-
frequency vibrations. Inductive and some magnetic sensors, however, cannot measure 
static loading, as the changing magnetic field produces the electrical signal. Contact 
sensors, such as metal foil resistance strain gauges, are capable of measuring static and 
dynamic loads, but not at the same response rate of non-contact sensors. This difference 
is caused by the stress that the gauge experiences. The deformation of a material is a 
time dependent process; and at high or low frequencies the mechanical behavior may be 
dramatically different, either viscous at low frequencies or elastic at high frequencies. 
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Non-contact sensors do not have this problem as they do not deform when the stress is 
applied.  
Capacitance sensors are non-contact and are capable of measuring dynamic 
conditions [10-12]. Capacitance sensors detect the changing electrical field between two 
conductors with a dielectric material between them. For most applications, the amount of 
dielectric material, or the distance between conductors, directly affects the measured 
electric field. Other dielectric materials can be used, but air is the most common and this 
limits sensor use to clean environments. Any debris in the gap of the conductors will 
prevent accurate measurements due to an inconsistent dielectric material. Static 
measurements are possible because the electric field stays constant at a given separation 
between plates. The range of these sensors is ~100 µm with sensitivity around GF=1 as 
capacitance has direct inverse relationship with distance. Capacitance strain sensors also 
require many additional electronic components; signal conditioner and special software 
in order to get a usable signal.  
Optical strain gauges use light interference to determine the strain by detecting 
the changes in interference from light reflected off a target. A photocell can determine 
the difference in brightness, through the use of a computer. Optical sensors can be used 
with both contact and non-contact devices. In the non-contact sensor, light from a laser 
is directed at a two-way mirror that allows half of the light to pass through [13]. The 
reflected light is directed at the object, whose displacement is unknown. The light is 
reflected off the object and through the two-way mirror, where it is combined with the 
unaffected beam to create a diffraction pattern detectable by photocell. Contact optical 
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sensors use fiber optic wires that are attached to the material of interest [14]. When light 
is reflected from the edges of a fiber optic wire, the path the light travels is longer than it 
would be with an unbent wire. This difference in length affects the phase of the light 
emitted from the wire, altering the diffraction pattern. Optical sensors can be used in 
either dynamic or static environments, but they require a light source to operate and need 
precise alignment in order measure strain. Due to the high degree of precision required 
to maintain alignment of all the different optical components and the expense of those 
components make these sensors impracticable for real world applications. 
A resistance strain gauge is a contact measurement device that does not have the 
fast response of a non-contact sensor. In gauges, some physical deformation of the 
sensing material takes place. In wire foil strain gauges, the changing dimensions of the 
metal film as well as the separation of the atoms result in a change in the electrical 
conductivity of the material [15-17]. The physical change in the material limits the 
dynamic response and causes hysteresis from the differences in deformation due to 
elongation and compression. The sensors studied in this thesis fall into this category. 
Each sensor has limitations on the range of displacement it can be used to 
measure. For the non-contact sensors, their limits are determined by the strength of the 
magnetic or electric field. The field dissipates quickly, inversely proportional to the 
separation distance squared. For contact strain measurement devices, metal foil strain 
gauges or fiber optic sensors, the deformation must remain within the elastic range of 
deformation. If the amount of strain exceeds this limit, the material can fail and may not 
return to its original state when the stress is removed. It is currently very difficult to 
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measure the strain in flexible objects, those that can be bent, stretched, twisted etc., 
because commercial strain sensors only measure strain along one direction.  
There is a role for a new kind of strain sensor, one that is inexpensive, flexible, 
and usable on a variety of materials. This sensor requires little phase lag, a reproducible 
hysteresis, dynamic and static response, and insensitivity to environmental factors. The 
applications for this sensor would be health monitoring of flexible materials, such as 
sails, parachutes, and clothing. Clothes capable of measuring the vitals of the wearer, 
parachutes able to indicate failure, and sails capable of determining the most efficient 
way to capture the wind could be developed with the use of this type of sensor [18-21] A 
polymer strain sensor, by its nature, is light, environmentally stable, and flexible. 
Additionally, polymers have many compatible properties with many textiles and could 
be integrated easily into their structure. The creation of these polymer-based strain 
sensors could be achieved by creating a polymer composite with piezoresistive behavior 
[22], which is the focus of the present work. Combining an electrically conductive polymer 
with an insulating matrix is expected to produce the desired properties for this new kind 
of sensor.  
Other research is being conducted on strain sensing with a variety of materials. A 
brief description of some of these are listed in Table 1 below with materials used, the 
structure of those material the gauge factor and the strain range listed. Many of these 
sensors have exceptional performance; however there is always a tradeoff between 
performance and cost.   
 
 8 
Table 1. Brief summary of experimental and commercial strain sensors. 
Material  Form  Gauge 
Factor  
Strain 
Range 
Application  Notes  
Metal Foil [23] Geometric 
arrangement 
on polymer 
substrate  
2  3%  Rigid materials, 
metals, ceramics, 
composites 
Most 
common 
commercial 
strain sensor 
Carbon Black-
SBS copolymer 
[18]  
Conductive 
polymer 
Composite on 
textile  
31 
80  
<15% 
>15% -Failure  
Textiles  27.6% filler 
Different 
gauge factors 
depending on 
strain <15% ε  
Shape Memory 
Alloys [24] 
Wire  3.42  8.0%  Buildings  Cost of SMA  
ZnO [25] Fine Wire  1200  1%  Biomedical, 
MEMS  
Complex 
Assembly  
Fe,Cu,Nb,B 
and SI alloy 
[26] 
Commercial 
Magnetic 
Ribbon  
175  1%  Non-contact  Use FFT to 
analyze 
signal, 
Magnetic 
field strength 
α Strain  
Carbon Black, 
Carbon Fiber, 
Cement [27] 
Concrete 
Beams 
composite  
138  0.002%  Smart Materials 
Health 
Monitoring  
Compressive 
Strain only  
 Bragg Grating 
[28] 
Laser and 
Bragg 
Grading 
Reflector 
System  
1.2  .0025%  Static and 
dynamic strains 
High Resolution  
Small Strains  
 
 
Electrically conductive polymer composites 
 
To produce conductive polymer composites, a polymer is mixed with conductive 
filler to create an electrically conductive material that retains the polymer’s physical 
characteristics. Typical fillers include carbon black, metal particles, or carbon nanotubes 
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[29-33]. The conductivity,, of the composite typically obeys a power-law relationship 
as a function of filler concentration, as expressed by [34-36]. 
          
      (1) 
where   is the total conductivity of the material (Siemens/cm), V is the volume fraction 
of the conductive filler, Vc is the fraction of filler at the percolation threshold (point at 
which first continuous pathway of filler forms), σ0 is the effective conductivity of the 
filler in the matrix, and n is the power law exponent. Percolation theory which describes 
how randomly distributed particles will form an interconnected pathway with increasing 
concentration, the effect on electrical conductivity is illustrated in Figure 1. 
 
 
 
Figure 1. Schematic showing the formation of a percolating network with increasing filler volume with 
graph illustrating the effect of filler content on electrical conductivity.  
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Conductivity of polymer composites falls into three regions: insulating, 
transition, and conductive [31, 37-38]. In the insulating zone, the filler is of such a low 
concentration that very few particles are sufficiently close to allow electrons to tunnel 
(referring to quantum tunneling) between particles preventing electrons from being 
transported across the material. This behavior changes at the percolation threshold where 
the first conductive pathway forms through the material, this pathway is formed when 
enough particles are close enough to allow electrons to pass though the material. After 
the percolation threshold, the material is described as being in the transition region. In 
the transition region the number of conductive pathways increases, causing an order of 
magnitude rise in conductivity over a small increase in concentration. When the ratio of 
new conductive pathways to existing conductive pathways is small and the conductivity 
no longer increases dramatically with increase volume of filler, the composite is in the 
conductive zone.  
In solution processed composites, the arrangement of conductive filler and matrix 
are random, limiting the conductivity of these composites. By forming a segregated 
network inside a composite, the conductivity at a given amount of filler is increased and 
the percolation threshold is lowered.  A way to create a segregated network is to 
combine a suspension of conductive material and a suspension of polymers. The 
suspended polymer commonly used is referred to as latex, or polymer emulsion. This is 
combined with a conductive filler suspended in liquid which when dried can form a 
segregated network illustrated in Figure 2 [38].   
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Figure 2. Mixture of latex and polyaniline solutions dried to form a segregated network composite. 
 
 
During the drying process, the conductive filler is forced into the interstitial 
positions around the latex spheres. The volume occupied by the latex particles reduces 
the available space for the conductive filler to occupy, increasing the local concentration, 
which decreases the percolation threshold for the entire composite [31, 38-39]. 
 
Resistance and strain 
 
If a material is deformed and its electrical properties change, typically resistance, 
it could be possible to measure strain. The most common materials used are thin metal 
films, but piezoelectric materials are also used [24]. A new area of research is in the use 
of polymers for strain sensing.  In conductive polymer composites, this change in 
resistance occurs most dramatically near the percolation threshold because of the 
delicate network of conductive filler [29, 40-44]. This is due to the limited number of 
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pathways available to carry electrons so the loss of a few reduces the total available by a 
large fraction. The main factors that affect the resistance and strain response are the 
packing of the conductive filler and its intrinsic conductivity inside the matrix. Not only 
is intrinsic conductivity of the filler important, but also the effective conductivity of the 
filler in the matrix. Conductivity is affected by the interfaces between the filler particles. 
Near the percolation threshold, any variation in the distance between the conductive 
particles will impact the resistance of the composite [45-48]. When the material is 
elongated, the distance between filler particles increases, preventing electron tunneling, 
and disrupting conductive pathways pictured in Figure 3 [10, 20, 25, 49-52].  
 
 
 
 
Figure 3. Illustration showing the effect of strain on composite's resistance. 
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Near the percolation threshold, the increase in resistance with decreasing filler 
concentration is dramatic and provides a large increase in resistance, as the material is 
strained. The electrical resistance R of a composite material can be modeled by [45]:  
   
 
 
  
    
      
               (2)  
where L is the number of particles in a conducting path, N is the number of conducting 
paths, h is Plank’s constant, s is the distance between conductive particles, a2 is the 
effective cross section of electron tunneling, e is the charge of an electron, and γ is: 
   
          
 
       (3) 
 where m is the electron mass and φ is the potential barrier between conductive particles. 
The variables that are related to concentration are s, N and L illustrated in Figure 4.  
 
 
 
 
Figure 4. Illustration of factors affecting resistance in composites; s inter particle distance, N number of 
paths, and, L number of particles in path. 
 
Using the proof found by Chen, P. F., the relationship between strain and 
resistance can be described by [45]. 
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      (4) 
Combining these equations the relationship between strain ε= ( 
  
 
 ) and the variables s, L, 
and N can be seen.   
    
 
 
  
    
      
               
  
  
  
     
      
                  
  
 
       
  
 
        (5) 
With these equations it is clear that the strain sensing is affected by the microstructure of 
the composite. The microstructure is influenced by; matrix material, aspect ratio of 
conductive particles, homogeneity of the composite structure, and the amount of filler.  
Polyaniline 
 
 
Intrinsically conductive polymers (ICPs) are a class of molecules that containing 
conjugated backbone (i.e., alternating double and single bonds) [53-55]. Since 
poly(acetylene) was first synthesized in 1977 by Shirakawa et al. [56], the number of 
new variations of ICPs have increased dramatically [53, 57-60]. Because these polymers 
combine some of the properties of both metals and polymers, they have many potential 
uses. ICPs are being studied for use in corrosion resistance, batteries, stealth coatings, 
electrochromic devices, inferred polarizers, LEDs, and sensors [54, 61-68]. One of the 
most popular and oldest known conductive polymers is polyaniline, which has been 
known since before the civil war [69]. 
Polyaniline (PANI) has been known about and studied since 1843, by Runge [70-
72]. The PANI chemical structure contains an alternating benzene ring-like structure 
with nitrogen linkages, depicted in Figure 5. PANI can be yellow, green, blue, or violet 
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depending on the level of doping and electrical properties [73-75].  The synthesis, 
doping, mechanical, and electrical properties are discussed here, along with the 
mechanisms of its electrical conductivity. Depending on the doping method, PANI exists 
in several forms with different mechanical and physical properties [76-77].   
Electrons are able to transfer along the polymer by continuous path that the 
hybridized sp
2
 bonds create. The electrons are able to replace double bonds as they travel 
along the polymer depicted in Figure 5. 
 
 
Figure 5. Electron transfer along oxidized polyaniline. 
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Synthesis of polyaniline 
 
PANI can be synthesized from aniline by two methods, chemical or 
electrochemical [78-80].  In chemical synthesis, an oxidizing agent is used in an acidic 
medium to form the polymer. Common oxidizing agents are ammonium persulfate, ceric 
nitrate or ceric sulfate, and hydrogen peroxide or potassium bichromate [81-82]. The 
acidic medium used is usually hydrochloric or sulfuric acid with a pH between 0 and 2 
[83-84]. For a variety of reasons, different stoichiometric ratios of oxidizing agent and 
aniline are used, that depend on the process selected, with some preferring 
stoichiometric lean, rich, or equivalent ratios of aniline and oxidant. This ratio can affect 
the final PANI product because a high concentration of oxidant can lead to polymer 
degradation.  
Electrochemical synthesis is a process where a solution of aniline solvent and 
acid has a potential applied between 0.7 and 1.2 volts with a sweep rate between 10 and 
100 (mV/s). The electrodes most commonly used are platinum because of it chemical 
stability, but other electrode materials can also be used [78, 85-88]. Other electrode 
materials  include: metals [89-91], graphite [82, 92-94], transition metal salts [95], or 
semiconductors [96]. Electrochemical synthesis has benefits over chemical synthesis; 
(i.e., the products do not have to be separated from the initial solution), and 
characterization techniques like Raman spectroscopy are possible while the reaction is 
taking place  [97-99]. 
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Doping 
 
PANI exists in two major forms. The first is the emeraldine base, which is 
insulating. Polyaniline is usually described as a combination of two different basic units, 
A, the reduced form of the repeat unit, having alternating benzene rings with nitrogen 
atoms in the following form: 
 
and B, the oxidized repeat unit, with one benzene ring alternating with a quinoid ring in 
the following form:  
 
The combination of A and B are determined by the level of oxidation  [100-102]. The 
emeraldine base form contains a combination of A and B. This form of deep blue PANI 
must be doped to become conductive. Doping lowers the potential barrier across the 
nitrogen atoms, by changing the bond angle.   
The second form of PANI is the emeraldine salt, which is electrically conductive. 
The emeraldine salt has a deep-green color. The magnitude of electrical properties of 
PANI varies with the level of doping. The conductivity of PANI can vary from 10
-10
 
(S/cm) for the emeraldine base, to 10 (S/cm) for the emeraldine salt [103-107]. 
A 
B 
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Secondary doping of PANI can be accomplished by the addition of a polar acid 
such as hydrochloric acid. This adds hydrogen to the double-bonded nitrogen linkages in 
the back bone, the emeraldine salt can form different structures depending on syntheses 
and level of oxidation [108-110]: 
 
The quantity of the hydrogen bonds determines the level of doping or deprotination. 
Secondary doping forms a polysemiquinone radial cation, with “a half filled polaron 
conduction band”, with a higher conductivity than unfilled quinoid ring  [100, 111-112].  
Conductivity of doped PANI is also increased by an increase in crystallinity, which 
occurs by the reorientation of molecules that is allowed by the uncoiling of chains from 
deprotination  [113-116] . The hydrogen is supplied by adding strong acids, such as 
hydrochloric or sulfuric acid. PANI is most conductive above pH 4 and fully 
deprotienated when the pH is below zero [100, 117-118]. PANI, in it’s doped from, has 
both the emeraldine base and emeraldine salt sections of the polymer chain. The amount 
of secondary doping is determined by the ratio of hydrogen atoms to nitrogen atoms in 
the back bone [119-120]. These linkages form “semiquinone radical cations”  [84, 121-
125], which directly affect the polymers conductivity. The number of electrons does not 
change with doping but the positive charge is localized on the nitrogen atoms. This 
creates a polaronic conduction band that transfers charge and makes the PANI 
conductive [126-131].  
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CHAPTER II 
RESEARCH OBJECTIVES 
 
 A polymer based strain sensor using a conductive polymer composite could fill 
the need to inexpensively monitor the structural integrity of bridges, buildings and other 
structures. Making a conductive polymer composite is a complex task with many 
variables that can affect the final performance of the material, be this for EMF shielding, 
static dissipation, or strain sensing. These variables include the materials used (polymer 
matrix, filler, pH) but also include processing procedures, (filler stabilization, mixing, 
drying etc). Thus the amount of possible combinations and material properties are 
limitless. Therefore making a novel material requires establishing a procedure for a base 
system which can then be characterized, so comparisons can be made to relate other 
composites systems. 
 The objective of this research is to determine if a polyaniline-latex composite can 
be used to sense strain. The tasks necessary to complete this are determining the 
relationship between composition, electrical conductivity and strain sensing 
performance. Then the effects of changing the latex material, polyaniline molecular 
weight, and the doping for the polyaniline were studied, in order to determine their effect 
on conductivity and strain sensing performance.   
 Chapter III will focus on characterizing the electrical and strain sensing 
properties of a base polyaniline latex system, which will be evaluated as a strain sensor 
are used as a comparison for further experiments found in Chapter IV.   
 20 
CHAPTER III 
POLYANILINE-LATEX STRAIN SENSORS: SYNTHESIS, 
CHARACTERIZATION, RESULTS AND DISCUSSION 
 
 
To create a polymer based composite strain sensor, the filler, matrix material and 
pH need to be considered. These variables can dramatically alter the mechanical, 
electrical, and strain sensing properties of the resulting strain sensing material sensitive 
material. The change in resistance with elongation was measured to determine strain 
sensing ability. Electrical conductivity of the final composite and viscosity 
measurements of the pre-solution were used to determine the percolation threshold, 
while microscopy using SEM reveal the microstructure, which provides insight to the 
mechanisms responsible for the pizoresistive behavior.    
The main goal of this initial study is to develop a method for forming polyaniline 
latex composites with the correct piezoresistive behavior for use as a strain sensor.  
 
Composite preparation 
 
Polyaniline [Sigma Aldrich] with a molecular weight of either 5,000 or 50,000 
g/mol
 
was dissolved into dimethylacetamide (DMAC) [Sigma Aldrich] at a ratio of 1:50 
PANI:DMAC by mass. The components were mixed at room temperature with a 
magnetic stir bar at 600 RPM.  After the components were fully mixed, the solution was 
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stirred for an additional 5 minutes at 800 RPM. To remain consistent with the procedure 
from literature an initial dilute concentration of HCl was added  followed by a more 
concentrated HCl solution, this was done in order to increase the concentration of 
polyaniline is solution [132]. The doping procedure is as follows: 0.1M HCl was added 
to the solution to achieve a ratio of 1:1.5 PANI: 0.1M HCl measured by mass. 1M HCl 
was then added a ratio of 1:1 to PANI mass. This mixture was then sonicated to disperse 
the polyaniline. Sonication was done using a Misonix XL-2000 with a 1/8-inch probe at 
a power level of 10, for 10 minutes in a water bath. The solution was then diluted 10 
times and sonicated again. To reach the desired pH of either 3 or 2 a 1M HCL was added 
until the proper pH was reached.  Once the solution had the desired pH, it was again 
sonicated for another 10 minutes. To make sure each composite presolution had the 
same pH the pH of the latex emulsions was adjusted to the deired level. For this 
Vinnapas 401 latex (PVAc copolymer) [Wacker] or Rovace 5140 [Rhom and Haas] 
latex was combined with 1M HCl until the desired pH was reached. To create the 
composites the PANI/DMAC/H2O/HCl solution and pH-adjusted latex solution were 
combined and sonicated for 20 minutes, each precomposite solution had approximently 
3.5 wt.% solids. After sonication, the solution was transferred via pipette to 3.5 cm 
diameter Petri dish bottoms,  enough solution was added so that the final composites 
would have a mass of approximately 0.5 grams. The samples were then placed in a 55
o
C 
oven and dried for an 48 hours, after which they were removed and placed in a vacuum 
desiccator for 24 hours. 
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Characterization 
 
The homogeneity of the composites was evaluated using electrical conductivity 
measured with a Signatone four-point probe meter. A Keithley 2000 multimeter and 
Agilent DC power supply were used for measuring and generating voltage and current at 
values of 4 volts and 4 amps, respectively. Sample thickness was measured with a 
Mitutiy Absolute micrometer. To determine the homogeneity the conductivity was 
measured on the of the top and bottom surfaces and compared.  
The percolation threshold was determined using a different homebuilt four point 
with variable resistance. A section measuring approximately 1/2 cm by 3 cm, was cut 
from the middle of the composite disk. Four lines were painted across the sample with 
silver paint.  For samples greater than 2 wt.% PANI, a resistance setting of 4,680Ω was 
used, while samples with lower concentrations of PANI used a resistance setting of 1 
MΩ. Samples below 2 wt.% were tested at both resistances with little effect on the 
results. The storage modulus at -65
o
C, rubber modulus at 20
o
C, and glass-transition 
temperature were determined  by a Q800 series TA Instruments Dynamic Mechanical 
Analyzer (DMA). DMA measurements were performed with 1-Hz oscillation, 3
o
C/min 
heating rate, and a preload tensile force of 0.01 N. The glass-transition temperature was 
determined by the peak in the loss modulus [133]. 
SEM images were taken with a Quanta 6000 series microscope. Samples were 
submerged in liquid nitrogen and then fractured to obtain a cross section for imaging. 
Fractured specimens were then sputter coated with 8 nm of platinum. The SEM was 
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operated at 13 kV accelerating voltage, 30-µs scan time, and a 3 spot size, estimated to 
be 1.2 nm. Rheological data were collected at room temperature using a TA Instruments 
AR G2, equipped with a parallel plate testing fixture, and using a shear-rate ramp from 1 
to 1,000 s
-1
.  
Specimens were prepared for Cryo-TEM by applying 3 µl of aqueous 
precomposite mixture freshly glow-discharged C-Flat holey carbon grids and plunge-
freezing using an FEI Vitrobot. Grids were transferred to a Gatan 626 cryo-holder and 
observed under low-dose conditions using an FEI Tecnai F20 TEM. Micrographs were 
recorded using a Gatan Ultrascan 1000 charge-coupled device (CCD) camera at 
calibrated magnifications. 
 Composite strain sensing was evaluated by attaching the PANI-Latex 
composites to beams of thermoset resin (EPOLAM 2020). The bulk EPOLAM was 
made using a vertical mold covered with Teflon (PTFE), with a 5 mm thick silicone 
gasket. Figure 6 shows the epoxy curing cycle and strain fixture setup. Substrate 
dimensions meet the ISO 527 standard of  100 × 10 × 4 mm, while composites were cut 
into 25 × 6 mm strips. Dry composites were 170-200 μm thick for standard samples and 
approximately 370 μm for thick samples. Substrates were cleaned using Loctite 770, a 
solution with aliphatic amine, the composite section was then attached to the center of 
substrate using Loctite 406 cyanoacrylate glue. Multifilament wires were placed on the 
2.5mm from the edge of the composite strip, and covered with silver paint to remove 
contact resistance.  
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Tensile tests were performed with an Instron 5566A tensile machine. Clamps 
were attached to the last 20mm of the substrate. Testing was accomplished by cycling 
though a 1% strain four times and then strained until failure, at a strain rate of 2 
mm/min. Deformation was measured with an extensometer. The stress and deformation 
were measured by the Instron software while the resistance was measured with a Picotest 
M3500A multimeter.  
 
 
 
 
 
Figure 6. Epolam 2020 epoxy curing cycle and strain sensing apparatus made with Epolam substrate.  
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Polyaniline-poly(vinyl acetate) composite strain sensor  
 
Structure 
 
To examine if any interactions existed between the PANI and Latex spheres, pre-
composite solution was examined with the use of a Cryogenic Transmission Electron 
Microscope (Cryo-TEM). These images shown in Figure 7, depict a 2 wt.% PANI 
solution used to make composites. It is clear that PANI collects around and between the 
latex particles. By comparing a neat pH adjusted PVAc solution with the same amount 
of DMAC (not shown), it was determined that the dark material around the latex spheres 
is PANI. In the solution, the PANI material only appeared at the surfaces of the latex 
spheres. This condition suggests that the PANI has a strong attraction to the latex, 
interrupting the normal formation of latex, noted by latex particles in intimate contact in 
the neat solution. The attraction is likely caused by the reduction in free surface area 
when material aggregates. The formation of PANI around the latex is the desired 
structure for the final composite because the PANI occupies the interstitial space 
forming a segregated network when dried.  
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Figure 7. Cryo-TEM images of PVAc-latex 2 wt.% PANI solution. 
 
 
To help understand how the PANI and the latex interact in the composites, 
samples were imaged with an SEM. Characteristic images of 4 wt.% samples  are shown 
in Figure 8. Under low magnification, some PANI aggregates are seen inside the 
composite. These aggregates are separated by approximately 50 µm. Higher 
concentrations of these aggregates appear near the bottom surface of the composite. The 
bottom can be distinguished by the polymer strands that were generated when the sample 
was removed from the Petri dish. Four point probe testing determined that the 
composites were homogeneous. Under high magnification, the composite has a rough 
texture with lighter (brighter) areas indicating higher electrical conductivity (i.e., high 
PANI concentration). This rough-texture is consistent throughout the composite, which 
indicates that there is a homogeneous structure, with the PANI evenly dispersed. The 
resistance response is dependent on this even distribution of PANI in the latex. Areas of 
higher PANI concentration would remain conductive after elongation because the 
conductive filler would remain in intimate contact. A uniform PANI distribution also 
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ensures that the composite is free of large phases of differing PANI concentrations that 
could alter the mechanical and electrical properties.   
 
 
 
 
Figure 8. SEM images of 4 wt.% PANI-PVAc composites. 
 
Mechanical properties 
 
The mechanical and electrical properties are summarized in Table 2. Glass 
transition temperature is measured by the drop in storage modulus. The storage modulus 
does not follow any clear trend as the PANI content increases in the composites. This 
indicates that PANI is dispersed throughout forming a good composite with the latex. 
The trend in electrical resistance follows an expected power law trend.  
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Table 2. The properties of PANI-PVAc composites with PANI concentrations between 2 and 10 wt.%. 
“X”PANI-PVAc means “X” wt.% PANI in PVAc matrix. 
Samples PANI 
(wt.%) 
PVAc 
(wt.%) 
R 10
3
 
(kΩ) 
σ 
(S/m) 
Tg  
(
o
C) 
E @20
o
C  
(MPa) 
2PANI-PAVc 2 98 17.2 0.00 -0.9±4 40.0±16 
3PANI-PAVc 3 97 45.9 0.10 -3.9±5 17.4±0.1 
4PANI-PAVc 4 96 20.6 0.83 -2.4±2 29.4±4 
5PANI-PAVc 5 95 20.6 2.68 -4.0±6 30.6±13 
10PANI-PAVc 
10 90 --- 
9.09 -2.8±5 34.2±45 
 
 
Rheology  
 
Rheological tests were performed on the aqueous pre-composite mixtures to 
determine a percolation threshold for the physical PANI network. The shear thinning 
behavior of the mixtures can be seen in Figure 9.  All mixtures are 3.5 wt.%  total solids. 
Figure 9(a) is the PVAc emulsion without any PANI and Figure 9(b) demonstrates the 
relative viscosity of the solutions used to create sample composites. Mixtures containing 
1, and 1.5 wt.% PANI show a lower viscosity initially, this is due to the inclusion of 
DMAC solvent. The solvent decreases the viscosity and inhibits the formation of a 
network for the 1 wt.% solution and the 1.5 wt.% weight percent solution at low shear 
rate. At higher shear rates, the PANI particles create a network that raises the viscosity 
of the solution.                                                                                                      
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Figure 9. (a) Rheological behavior of neat Latex. (b) Neat normalized rheological behavior of PANI-
PVAc precompsoite solutions. 
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Electrical percolation 
 
 
Percolation was determined by fitting the power law relationship (Equation 1) to 
the electrical conductivity of PANI-PVAc composites as a function of PANI 
concentration, as shown in Figure 10. The rheological and electrical data show a similar 
percolation threshold with increasing PANI content. This relationship between viscosity 
and electrical conductivity has been observed by others [30, 44, 134-137]. The overlay 
of the rheological and electrical data provides two independent tests to confirm the 
percolation threshold. The reason both conductivity and viscosity are affected in the 
same manner is that both are controlled by the average distance between filler particles. 
By plotting the log of σ/σo against the log of V-Vc, and fitting a linear curve, the power 
law constants can be determined;  as shown in Figures 10(b-c). Weight percent was used 
as a substitute for volume percent of filler because of the unknown density of the PANI 
after treating with solvent, doping, and drying at 55
o
C. It is assumed, however, that the 
latex and PANI have similar densities, so volume and weight are nearly interchangeable. 
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Figure 10. (a) Electrical conductivity and relative viscosity as a function of PANI concentration in a 
PANI-   PVAc mixtures, showing agreement between rheological and electrical percolation. (b) Solid 
curve fit of electrical conductivity data to power law (Eq. 1) constants shown in insert. (c) Curve fit of 
log(σ/σo) and log(w-wc) used to determine power law constants.  
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The conductivity behavior can be described by Equation 2. The factors that are 
affected by filler concentration are the pathway length (L), number of particles (N), and 
critical spacing between filler (s0). It is assumed that the percolation threshold exists 
when N = 1 (138-139). For this condition, a critical threshold (Lc) and (s0) must exist, 
and the resistance at percolation becomes (45):  
    
  
 
                   (5) 
where the constant 
   
      
  is represented by β. Filler loadings beyond this critical 
concentration contribute to all three components, (L, N, and s); but, the numbers of 
particles that contribute a single conductive path have some maximum value that will be 
near the critical value by virtue of the small distances between particles that allow for 
electron hopping to occur.  Substituting these values into Equation 5, yields Equation 6, 
which describes the resistance, Rt, in the transition region of the percolation curve. 
    
 
 
                  (6) 
This equation describes the exponential behavior of the conductivity with increasing 
PANI filler, as conductivity is proportional to 1/R, as s dominates this equation. With 
additional loading of PANI, decreasing the distance between particles becomes more 
difficult and slows the decrease in resistance. The only mechanism to decrease resistance 
is the formation of new pathways, represented by N. Because this is a linear term, the 
decrease in resistance slows and electrical conductivity no longer increases in an 
exponential manner, which can be seen in Figure 10.  
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Strain sensing 
 
From Equation 4, we can see the effect of strain on the resistance of the 
composite. The manner in which these composites sense strain is most likely due to the 
increasing resistance caused by the separation of PANI particles. As the composite is 
deformed, the separation between PANI particles increases and prevents electron 
hopping, as illustrated in Figure 3. The resistance response from these composites is 
determined by the way in which these PANI particles and the latex matrix respond to 
stress. When stress is applied to the material, the composite deforms accordingly and this 
stretching separates the PANI particles. When the distance between two particles reaches 
a critical level, electrons cannot tunnel and a barrier is created. As the number of these 
barriers increase, the number of conductive pathways decreases, which increases the 
resistance of the entire network.  
These composites showed good resistance response to strain when compared to 
traditional metal foil gauges. The signal follows deformation and the stress applied 
closely, as shown in Figure 11(a). The 4 wt.% PANI composite became deformed with 
little mechanical resistance to the deformation of the substrate. The sharp peaks and low 
noise are also ideal for strain sensing because they give a clear indication of the state of 
strain. The effects of composition and thickness of the PANI-PVAc composites are 
shown in Figures 11(b) and (c). The change in relative resistance follows closely with 
the stress and strain. The peaks in the resistance are slightly out of phase with the 
stimulus, but the lag in response does not appear to be increasing with time. The initial 
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steep resistance increase to strain can be attributed to some rearrangement of the filler 
inside the composite matrix. The initial loading response seen here may indicate the 
behavior after some extended time, when the composite fully relaxes. In the present 
experiments, the remaining loading and unloading cycles stayed above the initial 
resistance value.  
The signal quality improves with an increasing amount of PANI. When the 
resistance response of   3, 4, and 5 wt.% samples is compared, the trend shows that the  
signal quality increases with weight percent of PANI. The 3 wt.% sample had the largest 
degradation in signal with a drop of 35%, 4 wt.% the signal decreased 7%, and 5 wt.% 
the signal decayed 5%. The 5 wt.% PANI composites also show an increased sensitivity 
as noted by the general increase in amplitude 30% larger than 4wt% and 100% larger 
than 3 wt.%. Improvement in signal quality of the 5 wt.% samples can be attributed to 
the smaller distances between PANI particles that experience a more regular separation; 
however, an improvement in sensitivity does not occur. This lack of improvement could 
be due to a change in physical properties of the composite as the filler content increases. 
For instance, the samples become less tacky and more rigid with increasing PANI. One 
possible explanation for the improvement in strain sensing with 5 wt.% PANI is a 
change in Poisson’s ratio between the 4 and 5 wt.% samples. Poisson’s ratio would 
affect the way each composite was deformed in the direction normal to the applied 
stress. Three and 4 wt.% samples of PANI may contract more when stretched, allowing 
PANI particles to create new pathways as other pathways are disrupted, causing the 
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change in resistance to be less than predicted. The general behavior of the composites 
response along with strain and stress is depicted in Figure 11(a). 
 
 
Figure 11. (a) Change in relative resistance of 4 wt.% PANI-PVAc composite, along with strain and 
cyclic loading stress; (b) Influence of PANI concentration on relative resistance for PVAc based 
composites. (c) Influence of thickness on strain sensing for 4 wt.% composites. 
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The response time of the 5 wt.% samples also shows an improvement over the 3 
and 4 wt.% composites. The time delay in the peak resistance for 3 and 4 wt.% samples 
increases with each cycle, starting at approximately 3 seconds and increasing to 6 
seconds (for the 3 wt.% sample) and 9 seconds (for the 4 wt.% sample). This increasing 
time delay is believed to be due to the more viscoelastic nature of the 3 and 4 wt.% 
samples (i.e. lower modulus). The energy dissipated during stretching may further soften 
the composites and increase the delay in resistance seen in figure 11(a). Two 4 wt.% 
samples were made at 0.370 mm and 0.190 mm thicknesses, to evaluate the influence of 
composite thickness on strain sensing. Thicker composites are more robust and could 
potentially be used for sensing compressive strain as well. The relative resistance 
response of these samples is shown in Figure 11(c). The thicker composite has a higher 
sensitivity, as evidence by the larger amplitude increase of over 100%, in both the initial 
increase in relative resistance and through each strain cycle.  The thicker sample also 
exhibits less noise, which can be attributed to the greater robustness (i.e. less expansion 
when stretched).  
By examining the location of the peaks in signal response, stress and strain it is 
possible to look at the signal time delay. For these PANI-Latex materials the signal 
response lagged by less than a second. This can be seen in Figure 12, where delay is 
clearly by the slight displacement in the relative resistance, stress, and strain data.  
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Figure 12. Comparison between the delay in signal response and strain (a) and signal and stress (b). 
Exhibiting a signal lag less than 1 seconds. 
 
 
Figure 13 shows the change in relative resistance as a function of the percent 
strain, for repeated loading to 1% strain, for 3, 4, and 5 wt.% PANI-PVAc composites.  
The signal quality improves with increasing PANI content. The 4 wt.% PANI composite 
has the most constant signal and the 5 wt.% has the largest increase in resistance when 
strained. The amount of hysteresis between the 4 and 5 wt.% samples appears to be 
consistent amongst all three composites of each composition. This consistent signal 
indicates that the samples are able to recover well under cycling. The hysteresis is likely 
due to the way in which the latex responds to the applied stress (i.e., a viscoelastic 
manner due to the testing temperature being high relative to the glass-transition 
temperature and associated low elastic modulus). The viscoelastic nature of the matrix 
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material causes the composite to resist elongation initially, causing the near-parabolic 
resistance to increase initially. When the stress is reversed, the composite relaxes in a 
more linear manner and the resistance decreases accordingly.  
 
 
 
 
Figure 13. Relative resistance of (a) 3 wt.%, (b) 4 wt.%, and  (c) 5 wt.% PANI-PVAc composites as a 
function of strain, to illustrate the fatigue response in PANI-latex composites.  
 
 
These composites also show a near linear resistance response when elongated 
until failure, with a dramatic increase in resistance at failure, as illustrated in Figure 
14(a). The gauge factors (i.e., slopes of the relative amplitude divided by strain until 
failure) for 3, 4, and 5 wt.% composites are shown in Figure 14(b). These PANI-PVAc 
composites show a near linear response to strain until failure and an abrupt increase in 
resistance at failure. The sharp peak in the relative resistance is due to failure of the 
substrate material. At failure, the sample is stretched to the point where the electrical 
(a) (b) (c) 
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network is completely broken. The sudden large peak would be very useful in 
identifying when failure had occurred in these materials.   
The gauge factor for all three PANI concentrations is better than a metal-foil 
strain gauge, which has a typical gauge factor of 2. Three and 4 wt.% PANI composites 
have a similar gauge factor (~6) and are within error of each other. The 5 wt.% 
composite has a gauge factor of eight, which is attributed to the greater stiffness 
associated with greater PANI content. In a metal foil strain gauge the path would be very 
linear with little hysteresis. At failure the signal would stop as the conductive material 
would fail breaking the circuit.  
 
 
 
 
Figure 14. (a) Relative resistance, stress, and strain, as a function of time, for the 4 wt.% sample; (b) 
Gauge factors, for 3, 4, and 5 wt.% PANI-PVAc composites, for elongation until failure. 
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The strain sensing behavior could be altered the testing conditions. Increasing the 
temperature would likely increase the response delay and may also increase the ultimate 
ductility. An increase in temperature would soften the polymer matrix, increasing the 
viscous behavior. Lowering the temperature would likely cause the reverse but could 
lead to premature failure by making the composite brittle. Changing the strain rate may 
also change the signal response, high rate of test may produce a more linear response as 
the composite will deform more elastically, very slow may also produce a linear signal 
as the particle have time to reorient.  
 
 
 
 
 
Conclusions 
 
Polyaniline filled poly(vinyl acetate) composites with high gauge factor, and 
large ductility,  and were fabricated. Three, 4 and 5 wt.% PANI samples showed the 
ability to sense strain under cyclic loading and linear resistance response when strained 
until failure. The quality of the signal increased with composite sensor thickness. These 
composites exhibit gauge factors between 6 and 8 Ar/ϵ, while traditional metal foil strain 
sensors gauge factors are closer to 2. SEM images demonstrate the homogeneity of the 
composite microstructure, while viscosity and electrical conductivity were used to 
determine the percolation threshold of these composites (Vc~0.26wt.% PANI). Chapter 
 41 
IV evaluates the influence of PANI molecular weight, doping and polymer matrix 
modulus on strain sensing. These parameters can be used to further improve the sensing 
capability of these latex-based composites. 
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CHAPTER IV 
INFLUENCE OF PANI MOLECULAR WEIGHT, LATEX MATRIX 
TYPE, AND DOPING ON STRAIN SENSING 
 
 
The influence of the latex matrix modulus, molecular weight of polyaniline and 
doping level of polyaniline were evaluated in an effort to improve the strain sensing 
characteristics of PANI-latex composites. Strain testing was done under cyclic loading 
and compared to the baseline PANI-PVAc described in Chapter II.  Electrical 
conductivity was used to determine percolation threshold, packing of particles, and 
effective intrinsic conductivity of PANI in the latex matrix. SEM images were used to 
visualize the composite microstructure. Composites were created using the procedure 
described in Chapter III, unless otherwise noted.  
 
Influence of latex modulus 
 
Rovace 5140 [Rohm and Haas], a vinyl acetate homopolymer was selected as an 
alternative matrix material for the PANI latex composites because it has a glass-
transition temperature above room temperature (~30
o
C). A sensor that has a glass-
transition temperature above the testing temperature should have a decreased out-of-
phase response and a more linear response because it will deform more elastically (i.e., 
exhibits glassy mechanical behavior). This favored for a strain sensor with a linear 
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resistance increase with strain.  Figure 15 shows the change in resistance when a 
dynamic stress is applied to a 4 wt.% PANI-Rovace composite. This composite does not 
perform as well as the 4 wt.% PANI-PVAc ( Fig. 11 ). The peaks associated with the 
maximum strain and deformation are sharp and in phase with the stress and strain, but 
the resistance response is noisy and completely out-of-phase (as well as decaying with 
each cycle), which makes this a poor strain sensor.  
  
 
 
 
Figure 15. Relative resistance, stress and strain, as a function of time, for a 4 wt.% PANI-Rovace 
composite. 
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probably caused by deboning, or cracking that temporarily relieve stress.  An out of 
phase response also exists seen at the end of each cycle, which is an unexpected 
behavior and would cause errors in detecting strain.   
The Rovace-based composites deform in a more elastic manner than Vinnapas 
(PVAc) composites. Its highly elastic response improves linearity and decreases 
hysteresis of the signal. The change in relative resistance in the loading and unloading 
illustrates the hysteresis, shown in Figure 16. These composites have low hysteresis 
through the third cycle, which is an improvement over the PVAc composites that show 
distinctive parabolic loading and linear unloading response. Low hysteresis indicates a 
recoverable response that is good for strain-sensing applications. Despite this seemingly 
positive attribute, the general decay in resistance response is poor for these composites. 
Through each cycle, the amplitude decreases and the sensing ability becomes 
inconsistent. By the fourth cycle, the sample has almost no ability to sense strain and the 
signal is dominated by noise, with little response to the strain. The sensing instability is 
likely due to debonding of the sensor from the substrate and defects formed within the 
composite itself.  
All components used in these experiments (epoxy substrate, adhesive, and 
composite sensor) are rigid in comparison with the PVAc-based sensor, so there is little 
ability to absorb energy. Instead, the composite separated from the substrate and the 
result is a poor signal. When the sensor is poorly bonded to the substrate, it does not 
deform along with the substrate and gives a false signal. The formation of cracks inside 
the composites may be cause of this signal decay, but this was not able to be proven 
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conclusively. There are several possible causes of these failures. High storage modulus 
at the testing temperature likely resulted in cracks forming as a means of stress relief. 
Defects and an inhomogeneous structure Rovace-based composite makes this problem 
worse because defects cause local stress concentrations and make failure more likely.  
 
 
 
 
Figure 16.  Loading and unloading relative resistance response to strain for 4 wt.% PANI-Rovace. 
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Influence of molecular weight of polyaniline 
 
Figure 17 compares electrical conductivity of composites made with 5,000 or 
50,000 g/mol PANI. Both systems have a similar percolation threshold, near 0.64 wt.%, 
PANI but the effective conductivity of the PANI differs by four orders of magnitude. 
Similarity in percolation threshold is the result of similar composite microstructure. At 
low concentration (<1 wt.%), PANI aggregates are similar in size and there are few 
interconnections between these aggregates, which create comparable percolation 
thresholds. It is believed that the higher molecular weight PANI creates more effective 
inter-aggregate connections at higher concentration. The relatively long chains of 50,000 
g/mol PANI likely entangle with chains from neighboring aggregates, forming bridges 
that transport electrons across the composites. In composites containing 5,000 g/mol 
PANI, strong connections cannot form due to the smaller chain length. In this case, 
electrons have to tunnel across aggregates without the aid of intimately connected PANI 
bridges.  We believe that the difference in the connections between PANI molecules and 
the effect that has on transporting electrons, causes difference in effective  PANI 
conductivity (σo). 
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Figure 17. (a) Electrical conductivity of PANI-PVAc composites, with different molecular weight PANI, 
as a function of PANI concentration. (b) Overlay of conductivity data and theoretical data based on power 
law equation  (c) Curve fitting used to determine power law constants for PANI-Rovace5140 composites. 
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Storage and loss modulus are very similar, within error, for both PANI systems, 
as shown in Figure 18(a). There is an initial increase in the storage modulus for both 
systems, at low PANI concentration, with an eventual leveling off beyond 2 wt.%,  with 
a shear modulus of approximately 30 MPa. The 5,000 g/mol PANI-Latex series exhibits 
a higher storage modulus at 1, 3, and 4 wt.%. This may be due to higher packing density, 
greater packing density, or influence of a larger number of end groups in the lower 
molecular weight species. Loss modulus shows a similar pattern in Figure 18(b), with 
both series exhibiting the same values. Glass transition temperature Figure 18(c) also 
reflects this similarity. Filler concentration has little effect on the glass-transition 
temperature of the composites for either series, due to the segregation of filler in a latex-
based composite (i.e., little interaction between matrix and filler) [140-141]. Any 
significant interaction between matrix and filler would result in a significant increase in 
Tg [142-143]. 
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Figure 18. Storage (a) and loss modulus (b) at 20oC, and glass transition temperature (c) as a function of 
PANI concentration in PVAc latex-based composites.  
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Differences in PANI molecular weight are more noteworthy in the piezoresistive 
behavior of these composites. Figure 19 shows the relative resistance of 4 wt.% PANI 
samples under cyclic loading. Samples were alternately elongated at a rate of 3 mm/min 
to 1% strain, and then returned to starting position. The 5,000 g/mol sample shows a 
general increase in resistance under loading with little change when the stress is 
removed. This result suggests that the PANI particles are pulled further apart during 
stretching. Increased particle separation inhibits electrons from tunneling between them. 
The 50,000 g/mol sample shows a nearly in-phase recoverable response to the applied 
stress. There is slight amplitude decay as the cycling progresses, which is likely due to 
reorientation of the particles and a slight loss of entanglements between PANI chains 
and particles. Longer 50,000 g/mol PANI chains are better networked than 5,000 g/mol. 
When the composite is stretched, the polymer entanglements prevent the particles from 
separating too much. This strong network results in recoverable resistance and lower 
total resistance change during cycling. In 5,000 g/mol composites, the particles are 
isolated with few interconnections. The lack of any recovery in resistance indicates that 
these low molecular weight particles move apart and cannot return to their pre-stressed 
state.  
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Figure 19. Relative resistance response of 4 wt.% PANI-PVAc composites as a function of time. Samples 
were alternately elongated at a rate of 3mm/min to 1% strain then returned to the starting position. 
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is larger. In composites with higher loadings of PANI, the particles are sufficiently close 
to each other such that, even with the same separation, they remain in closer contact and 
do not approach the critical distance for tunneling. The noise observed in the 5, 6, and 10 
wt.% samples is believed due to the shifting PANI particles and decreasing thickness 
with elongation.  
 
 
 
 
Figure 20. Relative resistance response of 5,000 g/mol PANI-PVAc composites with varying 
compositions. Samples were strained to 1% then  released at a rate of 3 mm/min .  
 
 
Figure 21 shows three different magnifications of the 5,000 g/mol PANI-PVAc 
composite cross-section. These images highlight the interconnected structure of this 
composite. At low magnification, the entire cross section of the 4 wt.% PANI composite 
0 
0.05 
0.1 
0.15 
0.2 
0 75 150 225 300 
A
r,
 R
el
at
iv
e 
R
es
is
ta
n
ce
 (
∆
R
/R
o
%
) 
Time (seconds) 
Cycle 3 Cycle 1 Cycle 2 Cycle 4 
 53 
shows no aggregation or separation of particles at either surface. At higher 
magnification, the general structure can be seen with 20 nm light-colored spots that 
could be individual PANI particles. The segregated network is not visible due to the 
effects of DMAC on the composite during drying. The solvent softens the latex spheres, 
which causes them to coalesce into a homogeneous matrix.  
 
 
 
 
 
Figure 21. SEM Images of 4 wt.% 5,000 g/mol PANI-PVAc composite. 
 
Effects of doping on polyaniline composites 
 
Initially the electrical conductivity of the pH 2 composites is several orders of 
magnitude higher than pH 3 composites. This conductivity differential diminishes as the 
concentration of PANI increases. At the highest concentrations of PANI, the 
conductivity of the pH 2 series is essentially the same as the pH 3, as shown in Figure 
22. The pH 2 series does not have error bars because only a limited amount of samples 
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were made, but, the difference in conductivities at the lowest concentrations is large 
enough to assume that the difference is significant. 
 
 
Figure 22. Electrical conductivity of PANI-PVAc composites, with pH of 2 and 3, error bars indicate the 
variation in different series of identical composites.  
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The percolation threshold, effective intrinsic conductivity, and geometric-
packing terms, for these systems, are determined by plotting the log of relative 
conductivity as a function of log of weight percent minus the percolation threshold, as 
shown in Figure 23(a), Figure 23(b) the experimental and theoretical data are shown.  
The effective conductivity, percolation threshold and geometric packing factor for pH 2 
samples are; 0.017 S/m, 0.51 wt%, and 2.8, while pH 3 parameters are; 0.0001 S/m, 0.26 
wt%, and 6.2. All three factors are dependent not only on the intrinsic filler conductivity, 
but also on the microstructure of the composite and the filler. The orientation of the 
fillers can play a large role in the percolation threshold because the degree of dispersion 
and particle contacts are related. The size, shape, separation, and packing of the 
conductive filler have the greatest impact on the percolation threshold. The higher 
percolation threshold for the pH 2 series can be attributed to a different structure of 
PANI aggregate, or a phase separation of the PANI with latex, with different regions 
containing different concentrations of the conductive fillers.  
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Figure 23. (a) Normalized conductivity as a function of relative concentration of PANI, for pH 2 and 3 
PANI-PVAc composites, fitting curve determines power law exponents. (b) Curve overlaying conductivity 
data and estimated conductivity from power law.  
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of the conductive segment. The second is the higher concentrations of conductive filler 
in the conductive regions misrepresent the actual composition. These phase separation 
are clearly visible when examining the cross section of the composites with the use of 
SEM, Figure 24.  
 
 
 
 
 
Figure 24. SEM Cross section of pH2 4wt% PANI-Vinnapas  copmosite. Lighter regions composed of 
Latex containing large concentraion of PANI. 
 
 
The formation of the different regions with varying amounts of PAIN, makes 
examining the effects of PANI doping difficult. The formation of areas with different 
concentrations of PANI makes a comparison to system where PANI is evenly dispersed 
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impossible. These separate regions are likely responsible for the lower geometrical 
packing constant n in the pH 2 series, as the composite consist of a two PANI-Latex 
regions, one with high PANI concentration and conductivity and  low concentration and 
conductivity.  
 
Conclusions  
  
 Altering the filler, matrix composition, and pH has a large influence on the 
ability of a composite to sense strain. These parameters affect the piezoresistive behavior 
of the composites in different ways. A more rigid latex material (i.e., higher Tg) shows 
an improvement over the established PANI-PVAc composites studied in Chapter I, with 
reduced hysteresis and a more linear response. Despite the improved sensitivity, there is 
an out of phase response and increased noise for this higher modulus system. Altering 
the molecular weight of the filler decreases the conductivity of the composites and 
creates a sensor that does not recover its initial resistance after the load is removed. 
Higher doped polyaniline creates a composite that phase separates and creates an 
inhomogeneous composite.  
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CHAPTER V 
SUMMARY AND FUTURE WORK 
 
 
Summary 
 
Conductive polyaniline-filled polymer composites are complex materials, where 
differences in the composition can affect the mechanical, electrical, and piezoresistive 
properties. The composition can be altered in two ways: the composition of the filler or 
the composition of the matrix material. The filler (i.e., polyaniline) can be altered in 
several ways: concentration, molecular weight, and level of doping. The composition of 
the matrix (i.e., latex) can also be altered, by selecting different latex formulations or 
blending different latexes to tune the mechanical properties. Changing either one can 
affect the final properties of the composites. The findings of the present work are 
summarized below, followed by some suggestions about future work. 
 
PANI concentration 
 
Increasing the concentration of filler in a composite increases the conductivity 
and alters the strain-sensing behavior. Initially the increase PANI concentration forms a 
more stable network that can better resist fatigue. Increasing the PANI concentration 
further with reduce the sensitivity and gauge factor of the sensor as the piezoresitive 
behavior decreases, because the conductive network is to interconnected.  The increase 
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in conductivity with concentration obeys a power law relationship, because the filler is 
fairly well dispersed throughout the composite. A minimum amount of filler is required 
to create a conductive network called the percolation threshold and further loading 
increases the conductivity exponentially until it reaches a maximum value, determined 
by the conductivity of the filler. The PANI-PVAc composite creates a segregated 
network of PANI, indicated by the low percolation threshold.  The ability to sense strain 
is not solely based on the conductivity, therefore the effectiveness of a strain sensor 
cannot be predicted based on the PANI concentration. In general, increasing the amount 
of filler decreases sensitivity, and attenuation of the signal. Sensors with more PANI 
have a more repeatable signal with cyclic loading, but the amplitude is smaller than 
samples with lower concentration. Separation distances of the PANI particles inside the 
composites are responsible for the strain-sensing behavior. At low concentrations, the 
same amount of elongation will separate the filler beyond the critical separation distance 
for electrons to tunnel randomly, disrupting the conductive network. At higher 
concentrations, more elongation is required to break up the network, reducing the signal 
amplitude but improving its quality in terms of repeatability, noise, and hysteresis. Based 
on this research a PANI-Latex Strain sensor would contain between 4-5 wt.% PANI with 
Vinnapas 401at a pH of 3.   
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Latex modulus 
 
The composition of the matrix material also affects the conductivity and strain 
sensing. When the matrix material is more rigid, the percolation threshold of the 
composite is reduced. The lower percolation threshold is due to inhomogeneous 
composition of the composites ( i.e., polyaniline particles rise to the top surface and 
create a layer with a high-concentration of conductive filler). An increase in rigid matrix 
material also causes composites to deform differently than those made with softer 
materials. The composites deform in an elastic manner, which decreases the amount of 
hysteresis seen in the loading and unloading response, although the resistance through 
multiple cycles decreases as defects and cracks form. More flexible composites have a 
larger hysteresis but are more stable through cycling with less noise. 
 
PANI molecular weight 
 
The molecular weight of the PANI affects the network formed and the movement 
of the aggregates under elongation. Molecular weight does not seem to affect the size 
and shape of the basic PANI particles, but particles consisting of higher molecular 
weight contain loose strands. These loose strands around the particles create better 
contact with and form a network that has a lower electrical resistance. The higher 
molecular weight particles also resist separation upon elongation due to the loose strands 
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anchoring the particles inside the matrix. The anchoring of the particles allows for the 
change in resistance to be more recoverable.  
 
Doping 
 
The effect of doping the PANI appeared to increase the conductivity of the 
composites with low concentrations of filler. It was not possible to determine the effect 
of doping on effective conductivity, because at pH 2 the composites did not form a 
homogeneous composite so an even comparison cannot be made.  
 
Future work 
 
The two factors that have the most potential to increase the strain-sensing 
properties of PANI-latex composites are the matrix material and the molecular weight of 
the filler. The molecular weight of the filler appears to affect the quality of the network 
formed and the strain sensors durability, and sensitivity. PANI is available in a range of 
molecular weights and this effect should be studied to determine the relationship 
between PANI molecular weight, conductivity, and strain sensing.  The effects of 
temperature and strain rate should be examined as these sensors may be used in 
applications where the strains rates can vary from periods of years to a few seconds. 
Finally, a study should be conducted to establish if blending different molecular weights 
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might also improve the strain sensing. Using latex with different mechanical properties 
(glass transition temperatures, storage modulus, loss modulus) may have the ideal 
characteristic for good strain sensing. The ideal material would be sufficiently flexible to 
deform without the formation of defects, yet rigid enough to have low hysteresis. It is 
possible that no material contains both these properties, so a blend of different latex 
materials may be considered and should be studied.  
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